Streptomyces clavuligerus is a gram-positive, filamentous bacterium that produces clavulanic acid (see Fig. 1 , compound 7), a potent inhibitor of serine ␤-lactamases (classes A, B, and D). The combined use of clavulanic acid and broad-spectrum ␤-lactam antibiotics such as amoxicillin has represented an important therapeutic strategy to combat the rapid increase in ␤-lactam resistance (9) .
Bailey et al. first described the cloning of a genetic locus involved in clavulanic acid production by complementation of a nonproducing mutant (11) . Later, Jensen et al. reported a 12-kb EcoRI fragment from the genome of S. clavuligerus which contained all the genetic information required for the production of clavulanic acid in the heterologous host, Streptomyces lividans (31) . This DNA fragment is located immediately downstream of the terminal pcbC gene of the cephamycin C cluster (61) . DNA sequencing revealed eight complete open reading frames (ORFs) that were assigned originally as orf2 to orf9 (25, 31, 64) .
Rapid progress has been made recently to elucidate the early and middle steps of the biosynthetic pathway. The long-elusive C 3 carbohydrate that is combined with L-arginine in a thiamine diphosphate-dependent step catalyzed by the protein encoded by orf2 has been identified as D-glyceraldehyde-3-phosphate (32) . The product of this unusual reaction, N 2 -(2-carboxyethyl)-L-arginine (Fig. 1, compound 1) , is cyclized by a ␤-lactam synthetase (B-LS) encoded by orf3 to give the monocyclic ␤-lactam deoxyguanidinoproclavaminic acid (Fig. 1, compound 2) (8, 38) . The gene products of orf4 and orf5, proclavaminate amidino hydrolase (PAH) and clavaminate synthase isozyme 2 (CS2), respectively, function alternately to carry deoxyguanidinoproclavaminic acid by hydroxylation to guanidinoproclavaminic acid (12) , to mediate an arginase-like reaction to proclavaminic acid (Fig. 1, compound 4) (1, 65) , and to govern successive oxidative cyclization and desaturation to clavaminic acid ( Fig. 1 , compound 5) (13, 18, 23, 54) .
In contrast, the final steps of the pathway from clavaminic acid (Fig. 1 , compound 5) to clavulanic acid (compound 7) are poorly understood. A pathway-specific regulatory gene orf8 (claR) that controls the expression of late genes has been identified (47, 50) . Downstream lies orf9 (cad) which encodes clavulanic acid dehydrogenase (CAD), an enzyme responsible for the reduction of clavulanate-9-aldehyde (compound 6) to clavulanic acid (compound 7) (42) . The mechanism of the unusual "oxidative enantiomerization" between clavaminic acid (compound 5) and clavulanate-9-aldehyde (compound 6), however, remains unknown. Nonetheless, it has been observed that the allylic hydroxyl group of clavulanic acid (compound 7) is derived from molecular oxygen (34) . This finding implies that the deamination of clavulanic acid does not occur by transamination, as might be expected, but by a hydroxylation process. Yet the eight genes noted above, which were believed to be sufficient to support clavulanic acid biosynthesis, encode no apparent oxygenase enzyme apart from CS2. This contradiction led us to sequence further downstream of orf9 (cad) in the hope of locating the "missing" hydroxylase gene. A further suggestion that the clavulanic acid biosynthetic cluster might be larger than previously appreciated could be found in the reported dclC locus, which mapped to ca. 4 kb downstream of orf9 (61) and complemented a clavulanic acid nonproducing mutant (11) .
To test this hypothesis, we have cloned and sequenced a 3.4-kb region downstream of the 12-kb gene cluster (2) . Sequence analysis revealed three complete ORFs, orf10 (cyp), orf11 (fd), and orf12. Gene disruption and trans complementation have demonstrated the involvement of these new genes in the biosynthesis of clavulanic acid. The cotranscription of orf10 (cyp) and orf11 (fd) and the high similarities of their products to cytochrome P-450 and ferredoxin proteins are proposed to accommodate the missing oxidation step required late in the biosynthesis of clavulanic acid.
MATERIALS AND METHODS
Bacterial strains and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 .
Media and culture conditions. Escherichia coli strains were grown in either Luria broth or terrific broth (TB) as liquid medium or agar plates. S. lividans was grown on R 2 YE medium (27) . In the case of plasmid-containing cultures, thiostrepton (20 g/ml for S. lividans and 10 g/ml for S. clavuligerus) or neomycin (15 g/ml for both strains) was added. S. clavuligerus was maintained on slantplate (SP) medium containing (per liter) 10 g of yeast extract, 10 g of glycerol, and 20 g of Bacto-agar, pH 6.8. Seed medium consisting of tryptic soy broth (Difco, Detroit, Mich.) was inoculated with spores of S. clavuligerus and was incubated at 28°C on a rotary shaker (300 rpm) for 72 h. For clavulanic acid production, mycelia from the seed cultures were inoculated into starch-aspargine (SA) medium (48) at 5%, and this culture was grown under the same conditions as the seed culture.
All restriction endonucleases, DNA ligase, and T 4 -DNA polymerase were purchased from New England Biolabs, Inc. (Beverly, Mass.). Pfu DNA polymerase and the Moloney murine leukemia virus (MMLV) reverse transcriptase were obtained from Stratagene (La Jolla, Calif.). All enzymes were used as recommended by the manufacturers. Apramycin was kindly provided by Eli Lilly and Company (Indianapolis, Ind.). Neomycin and ampicillin were obtained from Sigma Chemical Co. (St. Louis, Mo.). Thiostrepton and benzylpenicillin were purchased from Fluka (Ronkonkoma, N.Y.). Oligonucleotides used in this study (Table 2) were synthesized at in the Peptide/Protein Facility, Department of Biological Chemistry, The Johns Hopkins School of Medicine.
Recombinant DNA procedures. E. coli and Streptomyces plasmid DNA was isolated by standard methods (27, 55) and was purified by using the Genieprep DNA Isolation Kit (Ambion Inc., Austin, Tex.). Genomic DNA from S. clavuligerus (ATCC 27064) and disruption mutants was isolated as described by Hopwood et al. (27) and was purified with the QIAamp Tissue Kit (QIAGEN, Chatsworth, Calif.). Transformation of E. coli strains was preformed by standard procedures (55) . Protoplast formation, regeneration, and DNA transformation of S. lividans TK24 was carried out as described previously (27) .
For pLRF30 construction, orf10 (cyp) was amplified by PCR in a 100-l volume containing 200 ng of pLRF90 template DNA, 100 M concentrations each of dATP, dTTP, dCTP, and dGTP, the two primers ORF101 and ORF102 (Table 2) orf12 was amplified by PCR under the same conditions as orf10 (cyp) except for using primers ORF12-5 and ORF12-3 (see Table 2 ) and 56°C as the annealing temperature. The purified PCR product was inserted into pUC19 to give pLRF37. The tsr gene was inserted into the unique MluI site within orf12 by blunt-end ligation to generate plasmid pLRF39. The tsr-disrupted orf12 was ligated into pLRF66 to give the orf12 disruption recombinant pLRF40.
Expression vector pLRF38 was constructed by insertion of a 1.5-kb BglII-BglII orf10 (cyp) gene fragment excised from pL8 into the BamHI-linearized Streptomyces-E. coli bifunctional vector pKC1139.
To complement the orf12 mutant, pLCA12 was constructed as follows. There are two NdeI sites present in the Streptomyces expression vector pWHM1109, so it was completely digested with HindIII, followed by partial digestion with NdeI. The 9.3-kb linearized vector was purified and ligated into the NdeI-HindIII-ended orf12 fragment. Colonies were screened by colony hybridization with the orf12 probe. The recombinant plasmids with orf12 located downstream of the thiostrepton-inducible promoter (P tipA ) were confirmed by endonuclease digestion.
Southern blot analysis and colony hybridization were carried out by standard methods (7) or by the shampoo method developed by May (37) .
DNA sequencing and analysis. Template DNA was purified with the QIAGEN Plasmid Mini Kit or the GeniePrep DNA Isolation Kit. Double-stranded DNA sequencing was carried out by chromosomal walking with universal and custom oligonucleotide primers. cose). The pellet was resuspended in P buffer containing 2 mg of lysozyme per ml to a final volume of 10 ml and was incubated at 30°C for 25 min. The protoplastmycelia mixture was filtered through a sterile cotton plug. The protoplasts were collected by centrifugation at 1,000 ϫ g for 10 min at 4°C, were washed three times with ice-cold P buffer, and were diluted to a final concentration of approximately 10 9 protoplasts/ml. Before DNA transformation, about 10 8 protoplasts were preheated in a 45°C water bath for 10 min to inactivate the S. clavuligerus restriction system (10). The heat-treated protoplasts were transformed with 2 g of DNA, and 500 l of 25% (wt/vol) polyethylene glycol 1000 (NBS Biologicals, Hatfield, United Kingdom) solution was added immediately (27) . After incubation at room temperature for 1 min, the transformed protoplasts were diluted with 2.5 ml of ice-cold P buffer, were collected by centrifugation, and were resuspended in 1 ml of P buffer. Each predried R 2 YEG regeneration plate (35) was plated with 100 l of transformed protoplasts and was incubated at 26°C. The plates were overlaid with 1.5 ml of thiostrepton solution at a final concentration of 5 g/ml or apramycin at a final concentration of 10 g/ml.
Selection of double-crossover strains. A single thiostrepton-resistant colony of S. clavuligerus (pLRF30) or S. clavuligerus (pLRF40) grown on R 2 YEG plates (containing 5 g of thiostrepton per ml) was used to inoculate tryptic soy broth seed medium containing 5 g of thiostrepton per ml. After growth for 72 h at 26°C, 1 ml of the medium was inoculated into 50 ml of YEMEG medium containing 5 g of thiostrepton per ml. Protoplast formation was carried out as described above. Following serial dilution by 10 4 , 10 5 , and 10 6 protoplasts with P buffer, a 100-l aliquot of diluted protoplasts was spread on predried R 2 YEG plates lacking antibiotics. Following 120 h of growth at 26°C, colonies were picked randomly from each strain and transferred onto SP plates containing 5 g of thiostrepton per ml. Colonies grown on these thiostrepton-containing plates were subsequently replicated onto SP plates containing 10 g of neomycin per ml. The resulting thiostrepton-resistant (Thio r ) and neomycin-sensitive (Neo s ) strains were analyzed by Southern hybridization and then assayed for clavulanic acid production.
Analysis of ␤-lactam antibiotics. Bioassay detection of ␤-lactams produced by S. clavuligerus was performed by the agar plate diffusion method. Clavulanic acid was determined by the ␤-lactamase inhibition assay with Klebsiella pneumoniae subsp. pneumoniae and benzylpenicillin (53) . Penicillin, cephalosporin, and cephamycin were detected with E. coli SC 12155 seeded in nutrition agar (6) .
Clavulanic acid and its bicyclic ␤-lactam-containing intermediates were also detected by reaction with imidazole (16) . Filtered fermentation supernatant was reacted with 0.25 equivalent volumes of 3 M imidazole reagent (pH 6.8) at 40°C for 20 min. The product of the imidazole reaction showed a maximum absorbance at 312 nm.
High-pressure liquid chromatography (HPLC) analysis was performed with a Waters 600 multisolvent delivery system consisting of a Waters 490 Programmable Multiwavelength Detector (Waters, Mississauga, Ontario, Canada) fitted with a model 7125 injector (Rheodyne, Cotati, Calif.). A 50-l sample from the imidazole reaction mixture was analyzed on a C 18 column (Partisil 5 m octylde- After 10 min at room temperature, 1.5 l of MMLV reverse transcriptase was added, and the reaction mixture was incubated at 37°C for 1 h. The PCR amplification was carried out in a 100-l reaction mixture containing 10 l of dimethyl sulfoxide, 10 l of 10ϫ Pfu buffer, 5 l of 4 mM deoxynucleoside triphosphate, 2 l of each sense and antisense primer (RT 10-5-RT 11-3 or RT 11-5-RT 12-3), a 10-l sample from the RT reaction mixture, and 60 l of ddH 2 O. After heating at 94°C for 3 min, 2.5 U of Pfu DNA polymerase was added and 30 reaction cycles were performed. The temperature and time period for the first five cycles were 94°C for 30 s, 48°C for 1 min, and 72°C for 1 min, and then the annealing temperature was raised to 60°C and an additional 25 cycles were carried out.
Nucleotide sequence accession number. The GenBank accession number for orf10 (cyp), orf11 (fd), and orf12 is AF200819.
RESULTS

Identification of three ORFs located downstream of orf9 (cad).
Earlier work in this laboratory has shown that the 12-kb genomic fragment encompassing orf2 to orf9 and a 1.8-kb 3Ј flanking region are located at the end of the cosmid clone of S. clavuligerus, pL8 (64) (see Fig. 5 ). To obtain a larger DNA fragment downstream of orf9 (cad), a genomic sublibrary was constructed based on the restriction map described by Aidoo et al. (1) . Genomic DNA isolated from S. clavuligerus was digested with EcoRI-KpnI, and the fragments between 8.5 and 10 kb were isolated and ligated into pBluescript II SK(Ϫ). This sublibrary was subsequently screened by colony hybridization with the 1.5-kb EcoRI-BglII fragment probe cloned from the 1.8-kb region downstream of orf9 in pL8. Of 200 colonies screened, 12 positive clones were identified. Restriction enzyme mapping revealed a 9.0-kb insert in pLRF90, and the region that hybridized to the 1.5-kb EcoRI-BglII probe was localized to its 5Ј end, indicating the linkage of this fragment to orf9. A 3.4-kb EcoRI-StyI fragment from the 5Ј end of pLRF90 insert was sequenced on both strands.
Three complete ORFs, orf10 (cyp), orf11 (fd), and orf12, were identified within the sequenced fragment by using FramePlot (30) (Fig. 2 and see Fig. 5 ). The three ORFs are transcribed in the same direction. The GϩC content in the ORFs is 72.2% and the GϩC frequencies in the codon's third position of the three ORFs are 95.1, 97, and 95.1% respectively, typical of codon usage in Streptomyces genes (14, 63) . orf10 (cyp) is located 286 bp downstream of orf9 (cad) and is transcribed from the opposite strand. The start codon of orf10 (cyp) is preceded by a sequence (GGXGG) with a certain degree of complementarity to a region close to the 3Ј end of the 16S rRNA that could potentially act as a ribosomal binding site (RBS) (57) . orf10 (cyp) encodes a protein of 407 amino acids with a predicted mass of 44,906 Da and a calculated pI of 5.41. A BLASTP (3) search showed that the orf10 (cyp) product, P-450 cla , has high sequence similarity (40 to 47% identity and 54 to 62% similarity) to cytochrome P-450 monooxygenases from several microorganisms. The greatest similarities are to the cytochrome P-450 proteins encoded by the subC gene (47% identity, 62% similarity) from Streptomyces griseolus (46) and by the putative P-450 gene from S. lividans 66 (42 and 57%) (GenBank accession no. AT-072709). Some of the homologous P-450s are involved in the biosynthesis of secondary metabolites in streptomycetes, including Streptomyces tendae (nikkomycin) (GenBank accession no. CAB46536), Streptomyces carbophilus (pravastatin) (62), Streptomyces fradiae (tylosin) (24) , and Streptomyces antibioticus (oleandomycin) (52) . Two highly conserved regions of cytochrome P-450 proteins exist in P-450 cla (Fig. 2) . The O 2 binding motif is present as LLVAG HGT, including the invariant G-247 and T-250. A very strongly conserved heme-binding pocket, AFGHGMHQCLGQ, is evident and includes the invariant A-350, F-351, and G-359 residues as well as C-357 that coordinates to the heme iron.
orf11 (fd) consists of 207 nucleotides and starts from a GTG that is located 5 bp downstream of orf10 (cyp) and is preceded by a presumed RBS (GGTGA). orf11 (fd) encodes a protein, Fd cla , of 68 amino acids with a molecular mass of 7,086 Da and a calculated pI of 4.04. A database search showed that the deduced amino acid sequence of Fd cla has a significantly high homology to the group of [3Fe-4S] ferredoxins from several Streptomyces spp. and also to [4Fe-4S] ferredoxins from Moorella thermoacetica (22) and Bacillus subtilis (56) . The greatest similarity (60%) was found to ferredoxin-2 from S. griseolus containing a [3Fe-4S] cluster (44) . The multiple alignment between Fd cla and homologous ferredoxins revealed the high degree of conservation of three cysteine residues essential for coordination to iron at positions 13, 19, and 58 (Fig. 2) .
The third identified gene, orf12, has three possible start codons, two ATGs and one GTG, separated by 21 and 39 nucleotides, respectively. Among these, the first ATG is preferred due to the presence of a potential RBS sequence, GGXXG located 10 bp upstream. orf12 is located at 316 nucleotides downstream of orf11 (fd) and is predicted to encode a protein, Orf12, of 430 amino acids with a molecular mass of 47,081 Da and a pI of 5.52. A BLASTP search showed that this protein has significant homology (33% identity and 52% similarity) to the lpqF gene product from Mycobacterium tuberculosis (function unknown) (19) . In addition, amino acid residues from 177 to 220 in Orf12 contain a conserved SDN motif, which plays a crucial role in the catalytic activity of class A ␤-lactamases (49). Insertional inactivation of orf10 (cyp) and orf12 in S. clavuligerus. To investigate whether these three new genes were involved in clavulanic acid biosynthesis, gene disruption vectors for orf10 (cyp) and orf12 were constructed in vitro by insertion of the tsr-disrupted copy into the replicationally unstable vector pLRF66. The resulting recombinants, pLRF30 and pLRF40 (Fig. 3) , isolated from S. lividans TK24 were subsequently introduced into wild-type S. clavuligerus by transformation. The primary transformants were subjected to protoplast formation and regeneration to allow vector elimination (5) . Progeny screened for loss of neomycin resistance yielded strains with the Thio r Neo s phenotype. Five hundred colonies were screened for double crossover between the disrupted genes and their chromosomal counterparts in each case. Three Thio r Neo s strains were obtained from progeny of S. clavuligerus (pLRF30) and five were obtained from progeny of S. clavuligerus (pLRF40).
The replacement of wild-type orf10 (cyp) and orf12 in S. clavuligerus by tsr-disrupted copies and subsequent plasmid elimination were confirmed by Southern hybridization in the two corresponding strains, RFL 10-5 and RFL 5-56, respectively ( Fig. 3A and B) . Chromosomal DNA prepared from the wild type and RFL 10-5 digested with EcoRI-BglII was separately hybridized to orf10 (cyp)-specific and tsr-specific probes. As expected, the orf10 (cyp) probe showed a 1.5-kb hybridization band in the wild-type genome, and this band was replaced by a 2.6-kb band from the RFL 10-5 genome. RFL 10-5 chromosomal DNA gave exactly the same hybridization band to the tsr probe as the orf10 (cyp) probe, but no hybridization band to the tsr probe was seen in the wild-type genomic DNA (data not shown). Genomic DNA isolated from wild-type S. clavuligerus and RFL 5-56 was digested with PmlI-BsiWI and was hybridized with orf12-specific and tsr-specific probes. As expected, the 0.8-kb band that hybridized to the orf12 probe in the wild type shifted to 1.9 kb in RFL 5-56. In addition, the 1.9-kb hybridization band to the tsr probe in RFL 5-56 was missing in the wild-type chromosomal DNA (data not shown).
Characterization of RFL 10-5 and RFL 5-56 mutants. RFL 10-5 and RFL 5-56 showed identical growth characteristics and morphologies to those of wild-type S. clavuligerus when grown in liquid medium and on agar plates. To determine whether the disruption of orf10 (cyp) and orf12 affected clavulanic acid production, supernatants taken from cultures of RFL 10-5 and RFL 5-56 in SA medium were analyzed at different time points during a 144-h fermentation. No ␤-lactamase inhibition activities against K. pneumoniae were detected by bioassay of the two disruption mutants (data not shown). HPLC analyses of imidazole adducts showed that clavulanic acid produced in wild-type S. clavuligerus gave a peak with a retention time of 13.0 min, but this peak was absent in the two disruption strains (Fig. 4A, B, and D) . These results clearly indicated that clavulanic acid biosynthesis was completely blocked in RFL 10-5 and RFL 5-56.
To ensure that the double-crossover recombination had no effect on other aspects of secondary metabolism, supernatants were analyzed with the ␤-lactam-supersensitive strain E. coli SC 21255. Bioassay showed that RFL 10-5 and RFL 5-56 yielded the same levels of penicillin, cephalosporin, and cephamycin as those produced in the wild-type strain (data not shown), indicating the disruption of orf10 (cyp) and orf12 had no effect on the production of these metabolites.
trans complementation of RFL 10-5 and RFL 5-56 disruption mutants. Two recombinant plasmids carrying a wild-type copies of orf10 (cyp) or orf12 were constructed. The 1.5-kb BglII-BglII fragment cloned in pLRF38 covered the orf10 (cyp) coding region as well as its upstream regulatory sequence so orf10 (cyp) could be expressed under the control of its native promoter. A 1.3-kb NdeI-orf12-HindIII fragment, with the NdeI site overlapping the start codon of orf12, was inserted between the NdeI and HindIII sites and downstream of the thiostrepton-inducible promoter (P tipA ) of pWHM1109 to give pLCA12. RFL 10-5 and RFL 5-56 were transformed with pLRF38 and pLCA12, respectively, and apramycin-and kanamycin-resistant clones were selected. Transformants named RFL 10-5-P450 cla and RFL 5-56-ORF12 were fermented along with the mutants possessing pKC1139 or pWHM1109 as controls. Bioassay and HPLC analysis of imidazole adducts showed that clavulanic acid production was observed in both RFL 10-5-P450 cla and RFL 5-56-CA12 ( Fig. 4C and E) , whereas no clavulanic acid was produced in the mutants containing the vectors alone (data not shown). These results confirmed the targeted disruption of orf10 (cyp) and orf12 and clearly demonstrated a direct correlation between clavulanic acid biosynthesis and the presence of viable orf10 (cyp) or orf12 in S. clavuligerus.
Transcriptional analysis of orf10 (cyp), orf11 (fd), and orf12. To examine the expression of the three new genes at the transcriptional level, an RT-PCR method was employed to detect the presence of transcripts of the intergenic regions of orf10 (cyp)-orf11 (fd) and orf11 (fd)-orf12. Two pairs of oligonucleotide primers for the amplification of the intergenic regions of orf10 (cyp)-orf11 (fd) and orf11 (fd)-orf12 were designed. cDNA was synthesized from the total RNA and antisense primer RT 11-3 or RT 12-3. PCR amplification followed by using the DNA-RNA hybrid template and either the RT10-5-RT 11-3 or RT11-5-RT 12-3 primers. A 350-bp PCR product corresponding to the size of the expected amplification product between the RT 10-5 and RT 11-3 primers was obtained (Fig. 5) . This RT-PCR product was inserted into pT7Blue-3 to give plasmid pL1011 and was sequenced to show it was identical to the genomic DNA bracketed by . This result demonstrated that orf10 (cyp) and orf11 (fd) are expressed as a polycistronic transcript. No product was observed in the case of RT-PCR. In a control reaction with S. clavuligerus genomic DNA as template, the 550-bp PCR product covered by RT 11-5 and RT 12-3 was observed (Fig. 5) . This indicated that orf12 is not cotranscribed with orf10 (cyp) and orf11 (fd). In addition, a promoter probing experiment was performed with pIJ486 (60) , and the result showed that strong promoter activity is present in the intergenic region between orf10 (cyp) and orf11 (fd) (data not shown).
DISCUSSION
Prokaryotic genes involved in the biosynthesis of secondary metabolites are typically clustered (26) . It had previously been thought that the clavulanic acid biosynthetic cluster in S. clavuligerus is composed of eight ORFs, orf2 to orf9 (2, 31) . Translation of these genes does not reveal an oxygenase required in the mysterious oxidative enantiomerization of clavaminic acid (Fig. 1, compound 5 ) to the antipodal aldehyde (Fig. 1, compound 6) (34) . This paper describes the localization of three new biosynthetic genes downstream of orf9, the determination of their nucleotide sequences, and the tentative assignment of their function. A cytochrome P-450 protein and ancillary ferrodoxin are encoded by the first two of these and are likely to mediate the heretofore missing oxidative step in the biosynthesis of clavulanic acid.
Cytochrome P-450 proteins that carry out monooxygenase reactions are widespread in nature. Of the large number of cytochrome P-450 proteins characterized in prokaryotes, some are thought to be involved in the biosynthesis of antibiotics (4, 24, 29, 39, 52) . The predicted amino acid sequence of orf10 (cyp) showed close similarities to cytochrome P-450 proteins, particularly those belonging to the CYP-105 gene family (P-450 SU2 , P-450 SU1 , and P-450 soy [Ͼ40%]) (41) . This assignment is supported by the very strong conservation among the residues that make up the heme-binding domain and oxygen- binding site in P-450 cla , including invariant residues common to all cytochrome P-450 proteins.
Ferredoxins are small, acidic, electron-transfer proteins that contain Fe-S clusters attached to the polypeptide chain by cysteine residues. orf11 (fd) was identified as a ferredoxin on the basis of its deduced amino acid sequence homology to the primary structures of Fd 1 and Fd 2 from S. griseolus (44) and Fd soy from S. griseus (59) . Of five cysteine residues, C-13, C-19, and C-58 align with the cysteines that are invariant in all [3Fe-4S] clusters, suggesting that Fd cla contains a [3Fe-4S] cluster as well. As observed in several other organisms, the S. clavuligerus ferredoxin gene is located downstream of and adjacent to the P-450 gene. This arrangement is highly suggestive that this is the in vivo electron transport protein functionally associated with P-450 cla . The targeted disruption of orf10 (cyp) led to the complete loss of clavulanic acid production in RFL 10-5, a deficiency that could be fully restored by transformation of the mutant with a wild-type copy of orf10 (cyp). This clearly demonstrated that orf10 (cyp) and orf11 (fd) are involved in clavulanic acid biosynthesis. Therefore, the corresponding products of these genes are likely candidates to mediate the oxidative reaction between clavaminic acid (Fig. 1 , compound 5) and aldehyde (compound 6).
The prototype P-450 system in prokaryotes, as characterized in Pseudomonas putida, consists of a cytochrome P-450, a ferredoxin, and a ferredoxin-NADP ϩ reductase, which are organized in a single operon (45) . Although orf12 is located only 300 bp downstream of orf11 (fd), a BLASTP search of the amino acid sequence encoded by orf12 showed neither similarities to other ferredoxin-NADP ϩ reductases nor the presence of the highly conserved flavin adenine dinucleotide or flavin mononucleotide binding domains (51) . Furthermore, transcriptional analysis demonstrated that orf12 is not expressed as a single operon with orf10 (cyp) and orf11 (fd). Together, these findings indicate that orf12 does not encode a ferredoxin-NADP ϩ reductase. Instead, this function may originate from a protein that is recruited from elsewhere in cellular metabolism (44) . Apart from the uncharacterized lpqF gene product of M. tuberculosis, Orf12 does not show any revealing similarity to other proteins. Although a highly conserved SDN motif is present, other residues critical to the catalytic activity of ␤-lactamases are absent (43, 49) . Therefore, more evidence is needed to elucidate the role of Orf12 in the clavulanic acid biosynthetic pathway.
The in vivo functional analysis of these new ORFs in the parental strain S. clavuligerus has demonstrated they are required for clavulanic acid biosynthesis. A recent study showed that the P-450 and Fd genes of S. lividans 66 are closely linked, and their products, like those encoded by orf10 (cyp) and orf11 (fd), also belong to the CYP-105 P-450 family and [3Fe-4S] ferredoxins (GenBank accession no. AT-072709). P-450 cla and Fd cla share significantly high similarities to the S. lividans 66 P-450 (42.6% identity and 57% similarity) and Fd (36% identity and 46% similarity). While there is no direct experimental evidence, these findings provide a possible explanation for the earlier observation that a 12-kb S. clavuligerus genomic fragment corresponding to orf2 to orf9 was capable of producing clavulanic acid when introduced into S. lividans 66. One is misled in this instance by the expression of a presumed intact biosynthetic cluster in a heterologous host alone. The present experiments demonstrate the need for specific gene disruption and complementation in the producing strain itself to fully identify the functional genes of a biosynthetic pathway with certainty.
